Abstract-This paper presents a hybrid magnetic model combining reluctance network (RN) and Laplace's equation resolution using magnetic potential vector in the air gap. The coupling of the two models is done by introducing fictive equivalent magneto-motive forces (MMFs) in the air-gap. Good results are obtained compared to finite element model. Index Terms-hybrid magnetic model, analytical formulation, reluctance network.
I. INTRODUCTION
Analytical magnetic models based on Laplace's equation with separation of variables method have been already developed for electrical machines modeling [1] . These models are less processing time but do not take into account non linearity of magnetic material. To improve this subdomain method an alternate way consists in introducing RN for the ferromagnetic parts. Then the main idea of the presented work is quite simple: use both advantages of the two modeling, i.e swiftness of the RN and accuracy of analytical resolution of the Laplace's equation in the air-gap. Such a methodology had been applied in [2] , where the coupling is ensured by the flux conservation principle. In the current work, an alternate approach is developed based on the potential continuity principle through fictive MMF in the air-gap. The developed model is applied to a high saturated DC machine.
II. ANALYTICAL MODEL COUPLED TO RN METHOD
Traditionally to establish a RN accounting for rotor position over a whole electrical period, the model requires to create many connections between all different stator and rotor reluctances located on the boundaries of the air-gap. This approach makes full RN models heavy and complex. An alternate way which consists in modeling the stator and rotor by two RNs and the air-gap by a set of MMFs through an analytical model based on Laplace's equation, is then proposed (Fig1a). These air-gap MMFs represent the potential drop between the terminal of each reluctance belonging to the air-gap boundary and an arbitrary point in the air gap. This is the main originality of this model, which will be detailed in the following. Laplace's equation of the potential vector in polar coordinates is solved thanks to the variables separation method, the classical general expression is: (1) where is the number of harmonics considered. The radial component of the flux density in the boundary of the rotor and stator is a product of the fluxes of all the reluctances and their positions in the geometric function .
(2)
The subscript k corresponds to the different stator and rotor reluctances where the subscript i corresponds to the harmonic rank in the spectral decomposition of the shape function.
The boundary conditions and the equations (2) leads to express the coefficients with the fluxes , thus the potential vector is expressed including the fluxes and a geometric function .The MMFs are calculated by:
The MMFs depend explicitly on the fluxes and their expressions are directly integrated in the RN which completes the coupling of the two models. As an illustration, this method is applied on a highly saturated DC series machine. The torque is evaluated by the Maxwell stress tensor in the air-gap for several rotor positions. A full 2DFE model is used to compute the torque in the same conditions (Fig 1b) . Areally good agreement between the two models is obtained. Using an Intel Xeon @2.4GHz CPU, the computation with FE model needs seconds for each point while only seconds are needed with the hybrid model (CPU time is divided by 15). 
